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Abstract 
Gadolinium-doped ceria was studied in a half SOFCs at elevated temperatures. In situ 
electron holography could reveal ionic activity in a single GDC-Pt interface at the 
elevated temperatures that result in further oxidation of the GDC. In situ EELS 
measurements confirmed holography results and showed the existence of the gadolinium 
in a new oxidation state. Also, it was found that the doped cations are the active ions in 
the oxygen evolution reaction from the solid oxide electrolyte. 
1. Introduction 
Gadolinium-doped ceria (GDC) is an important electrolyte material for solid oxide fuel 
cells (SOFCs) that shows both ionic and electronic conductivity [1]. In this oxide, 
gadolinium cations (Gd
3+
) will substitute in the ceria fluorite structure with a lower 
oxidation state comparing with cerium cations (Ce
4+
), and hence introduce oxygen 
vacancies into the cubic structure and improve the oxygen ions conductivity as the 
electrolyte material of the SOFCs [2]. 
Some studies of in situ transmission electron microscopy (TEM) on the electronic and 
crystal structures of ceria and ceria-zirconia solid solutions have shown that Ce
4+
 can be 
easily reduced to Ce
3+
 in a reducing environment [3,4]. This phenomenon, which was 
also referred to as the oxygen release/absorption effect of ceria [5], has an important 
influence on the catalytic activity of several metal catalysts supported on ceria [6,7] or 
ceria-based solid solutions [8-10]. There are a few reports on the electronic structure of 
GDC at room temperature [11-13]. It has been believed that in an SOFC with GDC as 
the electrolyte, the cerium cations, which may undergo reduction on the anode side, are 
mainly responsible for the ionic conductivity, while the doped cations simply serve to 
facilitate the ionic conduction through the oxygen vacancies [14,15]. However, to the 
best of the authors’ knowledge, there has been no in situ analytical electron microscopy 
study of GDC used as an SOFC electrolyte material. 
Among various analytical microscopy techniques off axis electron holography offers a 
superior precision to detect fine changes or evolutions in the specimen [16]. This 
technique is able to resolve the electric potential distribution in the object that can be 
interoperated as the ionic activity in in situ investigations [17, 18]. 
It the present work in situ electron holography and in situ electron energy loss 
spectroscopy (EELS) techniques were applied to the study of GDC as the electrolyte 
material in a half solid oxide cell. 
 
2. Materials and methods 
A half-cell of an SOFC was fabricated on a Si single crystal substrate by pulsed laser 
deposition (PLD). A thin Pt layer of 70nm was deposited on the substrate as the half cell 
electrode at room temperature and in a high vacuum chamber (1×10
-6
 Pa). The GDC 
electrolyte layer with 20mol% gadolinia was deposited on the electrode at 400°C and in 
4×10
-2
 Pa oxygen atmosphere. An X ray diffraction pattern of the deposited electrolyte 
layer showed the typical structure of the GDC fluorite structure. 
Cross-sectional specimens for in situ TEM observations were prepared by focused ion 
beam (FIB) micro-sampling technique using Hitachi FB2100. The half-cell structure 
was characterized by energy dispersive x-ray spectroscopy (EDS) technique using a 
JEOL ARM200F TEM. Figure 1 shows the line profile of the structure components 
along the perpendicular direction to the electrode-electrolyte interface. 
In situ off axis electron holography observation were performed by a cold field emission 
TEM, Hitachi HF-2000, operating at 200kV. This TEM has been equipped with an 
electron biprism close to the image plane of the objective lens to make holograms. In off 
axis electron holography a so called object electron wave that has been transmitted 
through the observed specimen includes the information of the specimen. Such 
information in the objective wave can be recorded by interfering with a reference wave 
which has been passed just through vacuum to make a hologram. Subsequently, this 
hologram must be reconstructed to acquire the phase and amplitude images. In the 
specific condition the phase of the electron wave which is shown as the phase image can 
be directly related to the inner electrostatic potential of the observed object. Therefore it 
is possible to monitor and understand the change in the specimen during the in situ 
observations. 
In situ EELS measurements were conducted by the high voltage electron microscope 
JEM 1000K RS equipped with a Gatan GIF Quantum. The microscope was operated at 
800kV in the present experiment. An aperture whose diameter corresponded to 74nm in 
the objective plane was used in GIF in order to limit the area, where the information 
was obtained from, to the desirable areas. 
 
3. Results and discussion 
Figure 2a shows the half-cell structure, which includes the Si substrate, the Pt electrode, 
the GDC electrolyte, and a W layer deposited by FIB to protect the GDC layer from ion 
beam damages during the specimen preparation. 
Energy loss spectrometry measurements were conducted at room temperature and 
400°C on the Pt/GDC interface, which had catalytic properties, and on the GDC/W 
interface, which had no catalytic properties. The exact areas of the interfaces from 
where the spectra were acquired in the both environments are shown Figs. 2b and 2c. 
The cerium and gadolinium energy loss spectra obtained from the GDC/W interface at 
room temperature and 400°C are shown in Figs. 3a and 3b. No considerable change in 
the spectra was observed during the heating, implying that no reaction occurred at this 
interface. In contrast, the spectra obtained from the Pt/GDC interface at 400°C showed 
an abnormal change. Interestingly, the electronic state of ceria in Pt/GDC interface 
showed a steady state even at elevated temperatures (Fig. 4a). However, there was a 
significant difference between the gadolinium energy loss spectra at room temperature 
and 400°C (Fig. 4b), where chemical shifts of 3 eV could be found at the M5 and M4 
edges towards the higher-energy side, and this was accompanied by a considerable 
increase in the relative intensity of the M5 white line. This change suggests the 
existence of the gadolinium cations in a new oxidation state (Gd
4+
) in the stable ceria 
matrix. 
It is well known, that the reduction of Ce
4+
 to Ce
3+
 would bring about a clear reversal in 
the relative intensities of the M5 and M4 lines, as well as a change in the shoulder of the 
M5 andM4 white lines and the concomitant chemical shifts to the lower-energy side of 
the spectrum [3,8,10]. Therefore, the observed chemical shifts are confirmed to be due 
to the change in the gadolinium valence state and not the cerium oxidation state. 
These results shows that during the heating process, while the oxygen ions were 
released from the GDC solid oxide through the Pt interface, as per the reaction 
2O
2-
 → 4e- + O2, 
both the charge compensation in the electronic-ionic conductor (GDC) and the charge 
transfer to the grounded Pt electrode were occurred. 
The half-cell was also studied by in situ off axis electron holography. Holograms were 
recorded at different temperatures and were reconstructed to acquire the phase images. 
The phase profiles were extracted from the phase images along to the longer side of the 
white rectangle in the Fig. 2a, averaged along the shorter side. Figure 5 shows the phase 
shift profiles at room temperature, 200°C, and 300°C. The phase sign in these profiles 
was selected as negative, that is, it corresponds to the electrostatic potential for the 
electrons. Therefore, the vertical axes in these profiles represent the inner potential 
distribution in the half cell at every temperature. However, since the absolute phase 
value of the Pt electrode is higher than the GDC electrolyte, the scale of the vertical axis 
(radian) was set so that the electrode-electrolyte interface to be zero in order to simplify 
the comprehension. 
As shown in Figs. 5b and 5c, by increasing the temperature of the cell no considerable 
change can be distinguished at the W/GDC interface that means there was not any ionic 
activity in this interface. However, an obvious negative shifts can be seen in the phase 
values of the electrolyte close to the Pt interface, in words, the difference of the phase 
amounts between the Pt electrode and the GDC electrolyte was reduced as the 
temperature increased. This phenomenon shows that the inner potential of the GDC was 
made deeper during the heating process, that is the oxide was positively charged and the 
material was gone under further oxidation. 
These results are in complete agreement with in situ energy loss spectroscopy 
measurements and confirm that the ceria was not reduced at the elevated temperatures 
and the gadolinium cations were more oxidized during the oxygen ion transferring at the 
Pt interface. 
 
5. Conclusion 
GDC was studied as the electrolyte of a half cell by two in situ analytical TEM 
approaches at the elevated temperatures. The results of both techniques were consistent 
and denoted that the GDC experiences a higher state of oxidation at higher 
temperatures. 
Also, the results suggested that doped cations play an important role in ionic conduction 
and the mechanism underlying of the redox reactions in the SOFCs with a mixed 
ionic-electronic conductor electrolytes such as GDC. That is, the gadolinium cations are 
responsible cations for the reactions or at least will trigger the reactions. 
This phenomenon is the reverse of that was observed in an electronically insulator ionic 
conductor such as yttria-stabilized zirconia (YSZ) in which the oxide electrolyte goes 
under a reduction during the heating process and the oxidation state of the zirconium 
cations, as the host cations, is reduced to a lower oxidation state [17,18]. 
However, in situ off axis electron holography showed a higher sensitivity compare the 
other analytical technique and could reveal the reaction at the relatively lower 
temperatures. 
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 Fig 1. The concentration profile of the EDS line scan obtained perpendicular to the 
GDC interfaces. 
 Fig. 2. a) A bright field TEM image of a half cell structure on the Si substrate. The white 
rectangle shows the area where phase shift profiles were extracted from the phase 
mages. b) W/GDC interface and c) GDC/Pt interface with the applied apertures for 
energy loss spectroscopy measurements. 
 Fig. 3. Energy loss spectra at room temperature and 400°C acquired from the W/GDC 
interface area for a) cerium and b) gadolinium which show no reaction in this area. 
 Fig. 4. Energy loss spectra at room temperature and 400°C acquired from the GDC/Pt 
interface area for a) cerium and b) gadolinium which show a change in gadolinium 
oxidation state at high temperature due to oxygen release reaction from this interface. 
 
 
Fig. 5. Phase shift profiles of the half cell at a) room temperature, b) 200°C, and c) 
300°C. Phase values of the GDC layer are almost stable at the W interface. However the 
difference of the Pt and GDC phase amounts decreases as temperature increased.  
